Figure 1. NR2B Antagonists Increase Surface Expression and Prevent NMDA-Induced Internalization of AMPARs
(A) Cultured hippocampal neurons at DIV30 were treated with DMSO (control), 5 M ifenprodil, or 100 M DL-APV for 30 min, and surface GluR1 and GluR2 were measured by immunostaining. The histogram shows the mean ± SEM of surface GluR intensity. n = 17, 12, 13, 19, 13, and 15 neurons for each condition from left to right. ***p < 0.001 relative to surface GluR1 intensity in DMSO-treated control. There were no significant differences in surface GluR2 intensity. (B) Ifenprodil blocks NMDA-induced reduction in surface AMPA receptors. Cortical neurons at DIV21 were pretreated with DMSO or 5 M ifenprodil for 10 min, and subsequently cells were either untreated or treated with 70 M NMDA. After 20 min, cell surface proteins were biotinylated, and biotinylated proteins were purified and immunoblotted for GluR1, GluR2/3, and N-cadherin. For protein normalization, cell lysates were analyzed with GRIP antibody. n = 3, **p < 0.01, *p < 0.05, compared with DMSO control. creased NR2A staining in the same cells (by w75% in of dendrite) was reduced by w70% in NR2B-RNAi neurons (4.194 ± 0.2734 in pSUPER control and 1.228 ± soma and dendrites; Figures 3B and 3C ). Total NR1 immunostaining in dendrites was strongly reduced in 0.1036 in NR2B-RNAi transfected neurons, p < 0.001). Because the NR2B-RNAi does not "cross-react" neurons transfected with the NR2B-RNAi construct; however, the intensity of NR1 staining in the cell body against NR2A in COS-7 cells ( Figure 3A ), these results suggest that NR2B might be required in neurons for exwas unchanged ( Figures 3B and 3C and Figure S4B ). The specific loss of NR1 from dendrites of NR2B-RNAi pression and/or stability of endogenous NR2A. Whatever the reason, the effects of NR2B-RNAi make it diffineurons suggests that NR2 subunits are important for the dendritic targeting of NR1. Two additional NR2B-cult to interpret with regard to function of NR2A versus NR2B. To circumvent this problem, we cotransfected RNAi constructs targeting different sequences in NR2B gave similar effects on NR2A and NR1 expression (data an NR2A-expression plasmid together with the NR2B-RNAi plasmid, thereby generating neurons that should not shown). We note that NR2B-RNAi had no effect on PSD-95 levels in dendrites ( Figure S4A ) or on total have predominantly NR2A-NMDARs. Neurons transfected with the NR2B-RNAi construct GluR1 levels ( Figures S5A and S5C) , suggesting that the NR2B-RNAi construct does not nonspecifically inshowed almost complete loss of surface GluR1 staining (w5% of control) ( Figure 4C ), despite little change in hibit gene expression in neurons. NR2B-RNAi caused apparent spine loss, as judged by staining of cotranstotal GluR1 levels in soma and dendrites of these cells (see Figures S5A and S5C ). NR2B-RNAi also caused fected β-gal ( Figure S4A ). Protrusion density (number of protrusions of greater than 1 m length per 10 m w50% reduction in surface GluR2 level (data not shown). Cotransfection of NR2A-expression plasmid with PSD-95 ( Figure S4A ), implying that these NR2A-containing NMDA receptors were targeted properly to with the NR2B-RNAi construct (cells identified by staining for cotransfected β-gal and/or NR2A) did not "ressynapses. Third, NR2A coexpression was able to functionally rescue NMDA-induced ERK activation in neucue" the surface levels of GluR1 (w8% of control) (Figure 4C) . These results suggest that NR2A-NMDARs are rons transfected with the NR2B-RNAi construct (see Figures 7D and 7E) . not sufficient to support surface expression of GluR1 and that perhaps both NR2A and NR2B are required.
Several lines of evidence indicate that exogenous NR2A Is Required to Promote Surface Delivery of GluR1 NR2A coexpression reconstituted NR2A-NMDARs in neurons transfected with NR2B-RNAi. First, cotransfecWhy does knockdown of NR2A cause selective reduction of GluR1 on the neuronal surface (Figures 4A tion of NR2A restored the dendritic NR1 staining that is suppressed by NR2B-RNAi. The rescued dendritic NR1 and 4B)? Given that NR2A-selective antagonists block LTP, an attractive hypothesis is that NR2A-containing staining colocalized in punctate fashion with the transfected NR2A, implying that NR2A had formed NR2A/ NMDARs promote surface insertion of GluR1. To test this possibility, we used the "thrombin surface cleavage NR1 heteromeric NMDARs with endogenous NR1 (Figure S4B) . Second, exogenously expressed NR2A in assay" (Passafaro et al., 2001 ). AMPAR subunits tagged with an N-terminal extracellular HA-epitope followed by NR2B-RNAi neurons formed clusters that colocalized ( Figures 5D and 5E ). Thus, NR2A is important for inducible as well as "basal" surface insertion of GluR1 recepAfter washout of thrombin, the degree of recovery of surface HA-labeling over time can be used as a meators in cultured hippocampal neurons. In the absence of thrombin treatment, we noted that sure of the rate of surface delivery of AMPARs from intracellular compartments (Passafaro et al., 2001 ).
the steady-state level of intracellular HA/T-GluR1 was higher in NR2A-RNAi-transfected neurons, whereas the The basal rate of delivery of HA/T-GluR1 from intracellular compartments to the neuronal surface is norsteady-state level of surface HA/T-GluR1 was lower ( Figure S3D ). No such difference was noted for HA/ mally slow, whereas that of HA/T-GluR2 is rapid (Passafaro et al., 2001). At 25 min after thrombin washout, the T-GluR2 ( Figure S3E ). These findings provide further evidence that NR2A is important for the redistribution amount of HA/T-GluR1 newly inserted into the surface of neurons transfected with NR2A-RNAi was reduced of GluR1 from intracellular compartments to the neuronal surface (see also Figure 4A ). by w75% compared to pSUPER-transfected neurons ( Figures 5A and 5C ). The amount of HA/T-GluR2 newly incorporated into the plasma membrane was not signi-NR2B Is Sufficient for NMDA-Induced AMPAR Internalization ficantly affected by NR2A knockdown (Figures 5B  and 5C ).
The ifenprodil data showed that NR2B-NMDARs are required for NMDA-induced loss of AMPARs from the We next tested whether activity-induced HA/T-GluR1 
GluR2 internalization is not significantly different in pSUPER or
This result shows that NR2A coexpression functionally NR2A-RNAi transfected neurons (n = 15 neurons for each condition).
reconstitutes NMDARs in NR2B-RNAi-transfected neurons and suggests that NR2A-NMDARs are sufficient to mediate ERK activation. The sustained ERK activation vation in control hippocampal neurons at DIV15-after at 6 min is consistent with the idea that NR2B recepa large induction at 3 min, phospho-ERK levels subtors, which are lacking in these cells, mediate the shutoff of Ras-ERK signaling. sided close to baseline by w6 min (Figure 7B, DIV15) . In neurons transfected with NR2A-RNAi plus NR2B with NR2A-RNAi alone. Taken together, these data argue that either NR2A or NR2B receptors can support expression constructs, ERK activation was normal and transient, similar to untransfected neurons-i.e., ERK NMDA-induced ERK activation; however, NR2B-NMDA receptors are required to dampen the ERK activation at activation at 6 min was decreased relative to 3 min (Figures 7D and 7E) . The phenotype is similar to that seen 6 min (i.e., shorten the duration of ERK activation).
These conclusions from the RNAi data are consistent SynGAP Negatively Regulates NMDA ReceptorMediated ERK Activation with the conclusions from the pharmacological experiments ( Figure 7B ).
To test whether SynGAP is functionally coupled to NMDA receptor regulation of the Ras-ERK pathway, we used RNAi to specifically suppress SynGAP expression SynGAP Is Specifically Associated with NR2B in neurons ( Figures 8B and 8C and Figure S2B ). In neuWhat might be the molecular basis of the differential rons transfected with SynGAP-RNAi, ERK activation functions of NR2A and NR2B in AMPAR trafficking and following NMDA stimulation became sustained (still elsynaptic plasticity? An attractive hypothesis is that evated at 6 min) rather than transient ( Figure 8C ). These NR2A-NMDARs and NR2B-NMDARs are associated loss-of-function data indicate that SynGAP is important with distinct signaling proteins. We therefore screened for ERK deactivation following NMDA stimulation. Imfor major PSD proteins that might coimmunoprecipitate portantly, SynGAP-RNAi had no effect on ERK activaselectively with NR2A or NR2B from rat brain extracts.
tion in response to KCl depolarization ( Figure 8C ). To obtain NR2A-enriched and NR2B-enriched NMDAR These results indicate that SynGAP selectively and complexes, we performed three sequential immunonegatively regulates NMDA receptor-mediated Rasprecipitations with NR2A antibodies to clear the deoxy-ERK activation. Taken together, the coimmunoprecipicholate synaptosome extract of NR2A, followed by an tation, ifenprodil, and SynGAP-RNAi data imply that immunoprecipitation with NR2B antibodies to purify reSynGAP is activated by NMDAR stimulation (specifimaining NR2B complexes from the NR2A-depleted sucally by NR2B-containing receptors), which then leads pernatant ( Figure 8A showed reduced surface levels of GluR1 (w33% less 1994). Very small amounts of NR2B came down with than control) ( Figure 9A ). Surface GluR2 levels were unthe subsequent two rounds of NR2A immunoprecipitaaffected by SynGAP overexpression ( Figure 9B ). tion. The remaining NR2B after NR2A "clearing," howWe tested the effect of SynGAP overexpression on ever, was almost completely precipitated by the NR2B surface insertion of GluR1 in the thrombin cleavage asantibody ( Figure 8A, row 2, compare lane 8 and lane 9) . say ( Figure 9C ). At 25 min after thrombin washout, the As expected, the NR1 subunit of NMDARs and recovery of surface HA/T-GluR1 immunoreactivity was the NMDAR-associated scaffold protein PSD-95 were strongly reduced (by 50%-60%) in SynGAP-transfected found in both NR2A and NR2B immunoprecipitates. Recells compared to cells transfected with β-gal alone. markably, SynGAP was barely coimmunoprecipitated These data suggest that SynGAP depletes surface with NR2A ( Figure 8A, row 4, lane 2) , but it strongly GluR1 by inhibiting GluR1 insertion into the plasma coprecipitated with NR2B even though NR2A had almembrane. Overall, SynGAP overexpression mimicks ready been quantitatively depleted (row 4, lane 8). This NR2B gain-of-function and NR2A loss-of-function, conpreferential association with NR2B is particularly obvisistent with the idea that SynGAP acts downstream of ous if one "normalizes" the SynGAP signal with the NR1 NR2B and in opposition to NR2A. signal in the same lanes, which serves as a rough index of the amount of NMDAR precipitated. These coimmunoprecipitation data indicate that SynGAP is preferenDiscussion tially associated with NR2B rather than NR2A in adult brain. The specific association of NR2B and SynGAP Differential Effects of NR2A and NR2B on AMPAR Trafficking offers a biochemical means for the functional coupling of NR2B-NMDARs to an enzyme that acts to shorten Our study reveals differential actions of NR2A-versus NR2B-NMDARs in Ras-ERK signaling and AMPAR trafthe duration of activated (GTP-bound) Ras. In addition to SynGAP, αCaMKII was also preferentially coimmunoficking. In mature neurons, the surface expression of GluR1 is supported by NR2A-containing NMDARs, but precipitated with NR2B ( Figure 8A, bottom row) .
A substantial fraction of SynGAP and PSD-95 reis inhibited by NR2B-NMDARs. Because the synaptic delivery of GluR1 is believed to be a key event in LTP mained in the supernatant even after NR2B and NR2A had been largely cleared from the extract ( Figure 8A 
An interesting finding is that surface levels of GluR1
GluR1 by NR2B antagonists all argue that NR2B-NMDARs in mature neurons actively inhibit GluR1 delivand GluR2 are not coordinately regulated. Pharmacological and/or molecular manipulations of NR2A and ery to the cell surface. Consistent with this action, we found that in mature neurons NR2B is coupled to the NR2B strongly affected surface GluR1, with little effect on GluR2. In hippocampus, AMPARs are mainly cominhibition rather than the activation of Ras-ERK, the signaling pathway that drives GluR1 to synapses (Zhu et posed of GluR1/GluR2 or GluR2/GluR3 combinations, with a small minority of GluR1 homomers (Wenthold et al., 2002 ). An unexpected discovery was that the abundant postsynaptic RasGAP SynGAP is mainly associal., 1996); the precise subunit stoichiometries of these AMPARs are not known. Because NR2B overexpresated with an NR2B receptor complex that lacks NR2A. Moreover, SynGAP overexpression mimicks NR2B gainsion reduces surface GluR1 selectively, we suppose that the loss of surface GluR1/GluR2 is counterbalof-function in terms of surface expression and insertion of GluR1. Heterozygous SynGAP -/+ mutant mice show anced by a gain in GluR2/GluR3 receptors, such that overall GluR2 levels on the surface are unchanged. be insufficient for supporting surface GluR1 expression, the NR2B subunit may recruit additional signaling but not NR2A, and that NMDA-induced ERK activation was blocked by overexpression of a NR2B C-terminal molecules to the NR1/NR2A/NR2B receptor that are essential for GluR1 surface delivery. In a more extreme fragment that contains the RasGRF1 binding site. Moreover, by measuring ifenprodil sensitivity of NMDAvariation of this hypothesis, the NR2B subunits can provide a specific "scaffolding" function in the PSD that induced ERK activation in hippocampal neurons developing in culture, they suggested that ERK activation is required for the signaling of NR2A-NMDARs, without even necessarily being in the same receptor-channel depends primarily on NR2B-containing receptors, from DIV8 to DIV30 (Krapivinsky et al., 2003) . Our data apcomplex as NR2A. In this model, NR2B-NMDARs bind to a critical signaling mediator and recruit it to the pear to be at odds with these results. Based on molec- 
